For over a century, heme metabolism has been recognized to play a central role during intraerythrocytic infection by Plasmodium parasites, the causative agent of malaria. Parasites liberate vast quantities of potentially cytotoxic heme as a by-product of hemoglobin catabolism within the digestive vacuole, where heme is predominantly sequestered as inert crystalline hemozoin. Plasmodium spp. also utilize heme as a metabolic cofactor. Despite access to abundant host-derived heme, parasites paradoxically maintain a biosynthetic pathway. This pathway has been assumed to produce the heme incorporated into mitochondrial cytochromes that support electron transport. In this review, we assess our current understanding of the love-hate relationship between Plasmodium parasites and heme, we discuss recent studies that clarify several long-standing riddles about heme production and utilization by parasites, and we consider remaining challenges and opportunities for understanding and targeting heme metabolism within parasites.
INTRODUCTION
Heme, or iron protoporphyrin IX, is a ubiquitous biological cofactor required by nearly all organisms for growth and viability ( Figure 1 ) (69) . Heme can lose or regain an electron to toggle between reduced ferrous (Fe 2+ ) and oxidized ferric (Fe 3+ ) states, and this ability is exploited and tuned by assorted heme-binding proteins to carry out diverse and fundamental reactions of oxidative cellular metabolism. These reactions include cellular respiration via the electron transport chain and diverse redox conversions that are mediated by cytochromes, the neutralization of oxygen radicals by catalase, oxygen binding and transport by globins, diatomic gas sensing and signal transduction by soluble guanylate cyclase, and heme binding by transcription factors to regulate gene expression (99) . To satisfy their critical need for heme, virtually all cells have evolved robust pathways to either biosynthesize heme de novo or to scavenge it from their environment. Chemical structure of heme.
Protozoan parasites of the genus Plasmodium, the causative agents of malaria, have evolved a life cycle with intimate and seemingly paradoxical connections to heme. Asexual parasites invade and develop within erythrocytes, the most heme-rich cells in the human body, and all of the clinical symptoms of malaria arise during this blood-stage infection. Indeed, the visualization of crystalline heme aggregates, or malaria pigment, within the blood of infected patients was recognized as a hallmark of malaria even before discovery of the Plasmodium parasitic origin of the disease (121) . On the basis of their rapid, energy-intensive multiplication during intraerythrocytic infection, parasites might be expected to have evolved an energy metabolism that exploits this heme-and oxygen-rich environment for lucrative ATP production via heme-dependent oxidative phosphorylation. However, genomic and functional evidence suggests that parasites have a limited metabolic need for heme during growth within red blood cells. In contrast, recent studies suggest enhanced roles for heme-related processes within the parasite as it develops within comparatively heme-barren environments during exoerythrocytic growth inside human hepatocytes or the mosquito vector. In this review, we discuss these paradoxes and the idiosyncrasies of Plasmodium heme metabolism.
METABOLISM OF HOST-DERIVED HEME

Liberation of Heme During Hemoglobin Digestion and Incorporation into Hemozoin
During its 48-hour residence within an infected red blood cell, an asexual Plasmodium parasite imports up to 80% of host hemoglobin into the acidic digestive vacuole, where the collaborative action of multiple aspartic, cysteine, and metal-dependent proteases hydrolyzes the globin polypeptide into diverse small peptides and amino acids (Figure 2) (46, 102) . This massive catabolic process liberates copious amounts of the noncovalently associated heme prosthetic group. Unlike the proteolytic products of hemoglobin digestion, which are transported into the parasite cytoplasm and further metabolized, the vast majority of host-derived heme remains within the food vacuole and accumulates to an estimated concentration that would approach 0.5 M if homogeneously distributed (9, 41) .
In most species, intracellular heme levels are stringently regulated, and heme is found tightly associated with cognate hemoproteins or various heme-trafficking proteins that minimize accumulation of unbound heme (99) . Free, dissociated heme, especially at high concentration, can have a variety of cytotoxic properties based on its ability to bind and inhibit protein function, to partition into and disrupt membrane bilayers, and to undergo electron transfer reactions with molecular oxygen to produce diverse species of reactive oxygen (41, 59, 71) . Within the parasite digestive vacuole, the copious heme liberated during hemoglobin proteolysis is expected (and commonly assumed) to be cytotoxic based on its potential to destabilize the vacuolar membrane, to inhibit the function of proteases and other enzymes, and to spontaneously generate reactive oxygen molecules either within this compartment or upon protonation and passive diffusion into the reduced environment of the parasite cytoplasm (9, 41) . However, the cellular mechanisms of heme toxicity to parasites remain poorly defined in vivo. There are previous reports that exogenously added free heme can lyse parasite-infected erythrocytes (39, 91) , but the physiological relevance of these prior studies is unclear. Nevertheless, the general ability of the parasite to tolerate and indeed proliferate despite generation of high, local concentrations of heme suggests the presence of protective mechanisms to attenuate heme toxicity.
Many organisms express heme oxygenase enzymes that, in concert with other enzymes, cleave and degrade heme to less toxic metabolites that can be readily excreted for disposal. Indeed, the massive amount of heme that is released in the mammalian spleen during macrophage-mediated destruction of senescent or damaged red blood cells is detoxified by efficient enzymatic cleavage by heme oxygenase-1, derivatization and soluble excretion of the tetrapyrrole backbone, and reuse of heme-bound iron (42, 99) . Based on the amount of heme encountered during erythrocytic infection and on the dietary need to scavenge host iron to support growth, Plasmodium parasites might be expected to have evolved a heme oxygenase pathway to degrade and detoxify heme. Although recent works have identified a heme oxygenase ortholog, PfHO, encoded by the parasite genome (87, 105) , this protein lacks the key residues expected for activity and does not degrade heme in vitro or in vivo (113) , and direct metabolic tests fail to identify breakdown products from enzymatic heme degradation in parasites (113) . Thus, Plasmodium parasites appear to lack a heme oxygenase pathway for heme detoxification and disposal. This absence, and the apparent functional divergence of PfHO, may reflect evolutionary pressures that have guided parasites away from large-scale heme degradation and the associated challenge of disposing of the copious iron and other breakdown products that would be released. Rather than degrading heme, Plasmodium parasites sequester host heme into crystals of insoluble hemozoin in the digestive vacuole (Figures 2 and 3a) (41, 121) . In this regard, parasites are similar to other hematophagous organisms that primarily sequester heme rather than enzymatically degrade it (126) . Like Plasmodium spp., the blood fluke Schistosoma mansoni, the kissing bug Rhodnius prolixus, and the related apicomplexan parasite Haemoproteus colombae biomineralize host-derived heme into crystalline hemozoin (89) , although hemozoin morphology in these organisms differs from that of hemozoin in Plasmodium spp. (24, 89) . Aedes aegypti mosquitoes sequester blood-meal heme in association with the peritrophic matrix surrounding the midgut but do not biomineralize it (97) . Hemozoin crystals, which feature repeating reciprocal dimers of ferric (Fe 3+ ) protoporphyrin IX in which the carboxylate moiety of a propionate group on one monomer coordinates the iron atom in a second monomer and vice versa (Figure 3b) (93, 116) , are chemically inert. Their formation thus neutralizes the oxidative, cytotoxic properties of unassociated heme in situ without a requirement for further chemical processing.
Hemozoin formation within parasites commences upon initiation of hemoglobin import and digestion and becomes detectable in mid-to late-ring-stage parasites (41, 64) . Although the structure of hemozoin crystals has been characterized in detail (93, 114, 121) , the specific mechanisms that nucleate and propagate hemozoin crystallization within the digestive vacuole remain unresolved. Distinct hypotheses have proposed that nucleation and growth occur (a) within the digestive vacuole itself or within hemoglobin-containing vesicles en route to the digestive vacuole (1, 53, 121) , (b) within lipid droplets suspended in vacuolar compartments or at the membrane lipid-aqueous interface (2, 11, 60) , or (c) via a spontaneous or protein-assisted process (32, 36, 115, 122) . Although hemozoin formation occurs in vitro in the absence of protein catalysts under conditions that mimic the acidic environment with the digestive vacuole (32, 36) , several Plasmodium proteins known to be present within the food vacuole, including histidine-rich protein II (HRPII) and heme detoxification protein (HDP), have been shown to accelerate heme crystallization in vitro, suggesting a role in hemozoin formation in vivo (Figure 2) (58, 96, 122) .
HRPII does not appear to be required by parasites for hemozoin formation, as HRPII is unique to P. falciparum, yet other Plasmodium species also make hemozoin (122) . Furthermore, parasites that lack the HRPII gene show no perturbation to hemozoin growth or heme crystallization (121, 122, 130) . Although HDP potently accelerates hemozoin formation in vitro, its genomic locus has so far been refractory to integration, including attempted modifications that would either retain or truncate the open reading frame (58), precluding direct tests or strong conclusions regarding the importance of its role in hemozoin formation in vivo. Recently, several food vacuole proteases and HDP were copurified as a complex from parasites, suggesting that these proteins interact in vivo and form associations that may facilitate hemoglobin proteolysis and the transfer of the liberated heme group to HDP for assembly into hemozoin (25) . Cooperative action of the proteins isolated in this complex has not been demonstrated, and the importance of complexation for hemozoin formation in vivo remains to be tested.
The physical and chemical properties of hemozoin crystals have been extensively investigated in fixed parasites, in isolated hemozoin purified from parasites, and in the chemically analogous β-hematin prepared synthetically in vitro (10, 13, 35, 60, 93, 116, 121) . In their native environment within live parasites, hemozoin crystals are frequently observed to be dynamically moving within the digestive vacuole. (Supplemental Video 1. Follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org.) Although ubiquitous, this phenomenon is rarely mentioned in the literature, and the few studies that mention it describe this motion as Brownian in nature (104, 133) . Crude calculations (using Fick's laws of diffusion, estimated viscosities for the digestive vacuole matrix, and a simplified model of hemozoin motion as rodlike rotation about a minor axis), however, suggest that the observed motion is one to two orders of magnitude faster than expected for Brownian diffusion (P. Sigala and D. Goldberg, unpublished results). These observations may suggest that the motion of hemozoin crystals, which are paramagnetic owing to the Fe 3+ oxidation state of the coordinated iron atoms (12, 18) , is stimulated by specific electrochemical properties of the digestive vacuole rather than being the random, diffusive motion of particles suspended in a liquid matrix. Ultimately, the physical nature and origin of hemozoin motion and its functional significance for hemoglobin digestion or heme crystallization remain uncertain. Advancing technologies for time-lapse, super-resolution imaging with fluorescence or electron microscopy and specific in vivo functional tests may enable a more incisive physical understanding of this fascinating motion and its significance for parasite physiology.
Distribution and Fate of Host-Derived Heme Within Parasites
There is general consensus that the majority of heme liberated during hemoglobin digestion is sequestered in hemozoin crystals within the digestive vacuole, although discrete approaches have given differing estimates for this conversion (29, 35, 74, 135) . It remains less clear, however, whether a fraction of host-derived heme escapes mineralization and either remains within the digestive vacuole matrix (free or in association with lipids or proteins) or effluxes out of the vacuole and into the parasite cytoplasm or endomembrane milieu (Figure 2) . The propionic acid side chains (pK a ∼ 5) of heme molecules not sequestered into hemozoin may be protonated within the acidic (pH ∼ 5) environment of the vacuole (Figure 1 ). These neutral heme molecules might then partition into the digestive vacuole membrane and diffuse out into the parasite cytoplasm, whose neutral pH would favor the ionization of these side chains (9) . Alternatively, heme molecules escaping mineralization could be exported from the digestive vacuole via specific membrane transporters. These mechanisms are speculative, however, and specific tests will be required to identify labile, unsequestered heme, its distribution within parasites, and the pathways by which it may egress from the digestive vacuole. Such tests will need to surmount the formidable challenge of identifying and distinguishing low levels of dispersed heme from the concentrated heme present within hemozoin. This daunting experimental task might be approachable via genetically encoded biosensors or other emerging spectroscopic technologies for in situ metabolite detection in intact cells (16, 22, 29, 33, 88) .
Heme that escapes mineralization into hemozoin has the potential to disrupt membranes, inhibit protein function, and generate cytotoxic reactive oxygen, as discussed previously. Parasites appear to lack a heme oxygenase pathway to degrade heme (113), but two alternative mechanisms have been proposed for nonenzymatic degradation of unassociated heme that accumulates within the digestive vacuole or that diffuses into the parasite cytoplasm. These mechanisms, based on either the auto-or glutathione-catalyzed peroxidative cleavage of the porphyrin macrocycle within the respective compartments of the digestive vacuole or cytosol (5, 74, 135) , have been shown to operate in vitro, but it remains unknown whether nonenzymatic degradation of heme occurs inside parasites.
Interactions of Anti-Malarial Drugs with Heme
Host-derived heme has been implicated as a likely activator of the potent antimalarial artemisinin. This drug has an endoperoxide moiety that is required for antiparasitic activity and is thought to be reductively cleaved within parasites to form a reactive radical that broadly modifies lipids, proteins, and other metabolites to elicit pleiotropic cytotoxic effects (51, 61, 77, 90) . A number of studies have implicated reduced heme as the likely electron donor in this activation, but the compartment in which activation occurs and its mechanism remain uncertain. Recent work has shown that genetic or chemical inhibition of hemoglobin digestion reduces parasite sensitivity to artemisinin (65) , suggesting an important role for hemoglobin-derived heme in drug activation. Does artemisinin diffuse into the digestive vacuole and get activated by heme within this compartment, or does activation occur elsewhere? Heme is oxidized from the ferrous (Fe 2+ ) to the ferric (Fe 3+ ) state upon release from hemoglobin, which would not be competent to activate artemisinin. Heme that escapes from the digestive vacuole into the reduced intracellular environment of the parasite, however, would be expected to be in the ferrous (Fe 2+ ) state and may therefore be the more likely candidate to activate artemisinin (Figure 2) . Deeper understanding of the activation mechanism of artemisinin remains a key challenge given its critical role in antimalarial chemotherapy and emerging reports of clinical resistance (4, 23, 31, 78, 125) .
Chloroquine and other quinoline drugs, despite widespread resistance in recent decades, have historically been some of the most potent and successful antiparasitic drugs. These compounds are thought to act primarily within the digestive vacuole and to interfere with the process of hemozoin formation (Figure 2) , by binding either to free heme or to the exposed faces of nascent hemozoin crystals. Such interactions, which have been demonstrated in vitro (49, 123) , are expected to reduce the amount of heme sequestered and neutralized as hemozoin within the digestive vacuole, leading to an increase in chemically labile free heme that could kill parasites via oxidative and inhibitory mechanisms discussed above. In support of this model, several studies have shown that chloroquine treatment decreases the amount of detectable hemozoin within parasites (29, 115, 135) . This treatment appears to be accompanied by a concomitant increase in unassociated heme, and electron imaging of iron atoms distributed within parasites suggests that a portion of this increased, www.annualreviews.org • Plasmodium Heme Metabolism13:37 unbound heme effluxes from the food vacuole into the cytoplasm or endomembrane system via unknown pathways (29) . Although it is clear that chloroquine and heme can interact, the specific mechanisms and processes by which chloroquine treatment results in parasite death are complex and only partially understood (121) . For example, recent studies suggest that chloroquine killing of parasites does not correlate with its inhibition of hemozoin formation and that parasite death may result from effects more complex than just accumulation of unassociated heme (48, 49) . A full mechanistic understanding of the antiparasitic properties of chloroquine remains a future challenge.
Host Response to Parasite Liberation of Hemoglobin-Bound Heme
At the end of their 48-hour developmental cycle within an infected red blood cell, asexual parasites lyse the erythrocyte to release merozoites that rapidly invade new host cells. This lytic process also releases the contents of the infected blood cell into the host serum, including undigested hemoglobin, free heme, and hemozoin. These products, ordinarily not released by circulating healthy erythrocytes, are sensed by the host immune system and activate an inflammatory response that affects disease progression and pathology, including the onset of cerebral malaria (3, 26, 37) . Some of the mechanisms involved in this activation have been identified (27, 109, 112) , but the physiological consequences of the resulting immune response remain only partially understood.
Expression of host heme oxygenase-1 (HO1) is increased as part of the host immune response. This inducible enzyme can degrade the circulating free heme to more benign tetrapyrrole products, and this activity appears to play a key role in host protection against both cerebral and noncerebral manifestations of malaria (95, 110) . Protection appears to be based, in part, on the ability of carbon monoxide produced by HO1-catalyzed heme degradation to bind and stabilize hemoglobin released into the bloodstream by rupturing schizonts, preventing further release of free heme into circulation (37) . A similar mechanism involving host HO1 also appears to contribute to the observed resistance to severe malaria in individuals expressing sickle hemoglobin, which releases heme at low levels and activates HO1 expression to confer protection against Plasmodium infection (38, 52) .
HEME UTILIZATION
Heme is an ancient and ubiquitous biological cofactor that is required by nearly all organisms to carry out diverse reactions of oxidative metabolism (99) . Relative to the genomes of other eukaryotic parasites that grow within aerobic environments, the genomes of Plasmodium spp. appear to encode few orthologs of common heme proteins (44) . Cytochrome components of the mitochondrial electron transport chain are readily identified, but few additional heme proteins are apparent in the genome (67, 127) . Plasmodium parasites retain a single mitochondrion with multiple cytochromes that function as part of an active electron transport chain that accepts electrons from ubiquinone and contributes to an inner membrane potential (127, 128) . The essential role of cytochrome function in mitochondrial electron transport is underscored by the ability of atovaquone to kill parasites by competitively binding to cytochrome b (63, 120) . This mechanistic model is supported by observations that mutations in cytochrome b confer resistance to atovaquone (7, 76, 119) .
In most aerobic organisms, function of the citric acid (TCA) cycle provides a dominant route of electron flux into the mitochondrial electron transport chain to maintain an inner membrane potential that drives ATP production via the ATP synthase complex. Despite access to abundant oxygen and host heme within erythrocytes, asexual Plasmodium parasites rely primarily on glycolysis rather than mitochondrial oxidative phosphorylation to produce the ATP required to support their rapid blood-stage growth (43) . Indeed, less than 7% of the carbon atoms derived from glucose imported by parasites appears to be oxidized within the mitochondrion (75) . This curious reliance on glycolysis for energy production despite the presence of a functional mitochondrial electron transport chain appears to be due, in full or in part, to the absence of a mitochondrial pyruvate dehydrogenase (PDH) to convert the pyruvate produced by glycolysis into acetyl CoA for entry into the TCA cycle. Residual PDH activity, proposed to be provided by a branched-chain α-keto acid dehydrogenase, has been detected in the mitochondrion, but the modest level of this activity results in low overall flux of glucose-derived carbon through the TCA cycle in asexual blood-stage parasites (28, 75) .
TCA cycle flux of glucose carbons, however, appears to be upregulated in sexual gametocytes, suggesting enhanced roles for energy production involving the electron transport chain and for other TCA cycle-dependent processes in this and possibly other stages. Consistent with these differential TCA cycle activities, treatment of parasites with an aconitase inhibitor had no detectable effect on asexual parasite growth but strongly attenuated gametocyte maturation (75) . Similar effects were reported from targeted gene disruption of succinate dehydrogenase in P. berghei, which impaired the development of mosquito-stage but not blood-stage parasites (54) . These results may suggest greater utilization of heme in the gametocyte and exoerythrocyte stages to support upregulated energy metabolism within the mitochondrion during these periods of the parasite life cycle. The evolutionary pressures that have led to differing energy metabolisms in discrete life cycle stages remain unknown, but these differences may be influenced by variations in glucose availability in distinct host environments.
Rather than accepting electrons from the TCA cycle, the critical role of electron transport by mitochondrial cytochromes in blood-stage parasites appears to be recycling the ubiquinone cofactor used by the mitochondrial dihydroorotate dehydrogenase (DHOD). This enzyme catalyzes a key step during pyrimidine biosynthesis, which the parasite maintains because it lacks an ability to scavenge pyrimidines (56) . Parasites that express a cytosolic version of DHOD derived from yeast that does not utilize ubiquinone as an electron acceptor are resistant to atovaquone and develop normally, despite loss of mitochondrial electron transport (94) . This result strongly suggests that the sole essential function of cytochrome-mediated electron transport in the mitochondrion of a blood-stage parasite is to support DHOD activity and pyrimidine biosynthesis, although different strains of P. falciparum expressing the yeast DHOD show different atovaquone resistance profiles (62) .
Other than mitochondrial cytochromes, the only bioinformatically identifiable heme proteins in the parasite genome are several cytochrome b5 orthologs of unknown function (127) . Multiple additional Plasmodium proteins present within parasites have been shown to bind heme in vitro (20, 57, 58, 86, 107, 113, 118) , but it remains unclear whether these associations with heme represent cognate or promiscuous interactions. Many organisms express a heme oxygenase to enzymatically derivatize heme for downstream metabolic utilization in signaling or light-harvesting complexes or to scavenge iron (8, 131) , but as noted above P. falciparum parasites lack detectable HO activity and appear to only utilize heme as a metabolic end product (113) . Cytochrome function during mitochondrial electron transport is thus the only known essential role for heme in parasites. However, nearly half of the parasite genome encodes hypothetical proteins whose sequences are sufficiently divergent from known proteins such that biological roles cannot be predicted (6) , and one or more of these ∼2,500 proteins may function as a noncanonical heme protein. A full understanding of heme utilization by Plasmodium parasites during discrete developmental stages and in different host environments remains an unmet challenge, and identification of additional essential roles could provide novel therapeutic targets.
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HEME BIOSYNTHESIS
Nearly all organisms have robust mechanisms to acquire heme from their environment or to synthesize it de novo to satisfy metabolic requirements. Plasmodium parasites require heme for growth and have access to abundant host-derived heme within the infected erythrocyte that could, in principle, be scavenged and utilized. Parasites, however, have historically been assumed to sequester this heme within the digestive vacuole without further utilization. Rather, parasites express a functionally complete suite of heme biosynthesis enzymes (44, 124) , and this pathway has been thought to produce the heme used by the parasite in mitochondrial cytochromes (Figure 2) . This scenario is similar to some hematophagous organisms (126) but appears to contrast with the blood-feeding tick Boophilus microplus, which sequesters host heme like Plasmodium spp. but lacks a heme biosynthetic pathway and relies instead on scavenging a fraction of dietary heme (17, 72) .
Pathway Structure and Activity in Blood Stages
Animal and fungal cells typically sprinkle their heme biosynthetic enzymes between the mitochondria and cytosol (50) . In plants, a complete pathway is found within the photosynthetic plastid, where it branches off for chlorophyll biosynthesis, but the two terminal enzymes are functionally duplicated in mitochondria to produce the heme required for cellular respiration (79, 100, 127) . The heme biosynthetic pathway of Plasmodium (and other apicomplexan) parasites combines features of both plant and animal cells in that it targets enzymes to the mitochondrion, the plant-like but nonphotosynthetic apicoplast, and the cytosol (Figure 4 ) in a complex arrangement that reflects the convoluted evolution of the pathway and the endosymbiotic origin of the organelles that it spans (73, 127) . Early metabolic tracing studies established that initiation of the parasite pathway is animal-like and not plant-like in that it incorporates glycine rather than glutamate into the first committed pathway intermediate, δ-aminolevulinic acid (ALA) (124) , utilizing a mitochondrion-localized Schematic model of the heme biosynthesis pathway in Plasmodium parasites. For simplicity, organelles are depicted with a single membrane. Blue rectangles depict putative transporters of heme intermediates. Abbreviations: ALA, aminolevulinic acid; ALAD, aminolevulinic acid dehydratase; ALAS, aminolevulinic acid synthase; CPO, coproporphyrinogen oxidase; FC, ferrochelatase; PBGD, porphobilinogen deaminase; PPO, protoporphyrinogen oxidase; UROD, uroporphyrinogen decarboxylase; UROS, uroporphyrinogen synthase. 13:37 ALA synthase that was identified and localized in subsequent studies (106, 129, 132) . In this regard parasites are similar to other nonphotosynthetic eukaryotes (50) . The parasite enzymes that catalyze the next four pathway steps (condensation of ALA into porphobilinogen and then hydroxymethylbilane, cyclization of the tetrapyrrole backbone to form uroporphyrinogen III, and decarboxylation to make coproporphyrinogen III) are all targeted to the apicoplast (Figure 4) , based on studies of the ALA dehydratase, porphobilinogen deaminase, and uroporphyrinogen III decarboxylase enzymes encoded by the P. falciparum genome (80, 106 ). An obvious ortholog of uroporphyrinogen III synthase (UROS), which catalyzes cyclization of hydroxymethylbilane, has not been identified in the parasite genome, but this activity has been reported in vitro as a dual function of the porphobilinogen deaminase (81) . An alternative origin of this activity is suggested by a recent bioinformatic analysis that identified a UROS ortholog in the parasite genome with lowlevel sequence similarity to annotated UROS proteins (68) , although the function and localization of this protein remain untested. Conversion of coproporphyrinogen III to protoporphyrinogen IX appears to occur in the parasite cytosol, based on localization studies of the coproporphyrinogen III oxidase (83) . This cytosolic localization is observed in fungi but contrasts with the mitochondrial localization in animal cells (19, 127) . The final two pathway steps involving oxidation to protoporphyrin IX and iron insertion to form heme are catalyzed by protoporphyrinogen IX oxidase and ferrochelatase, respectively. These enzymes have been localized to the mitochondrion, identifying this organelle as the terminus of the parasite's heme biosynthetic pathway (Figure 4) (82, 84) .
The linear tetrapyrrole and macrocyclic porphyrin intermediates in heme biosynthesis do not readily diffuse across membranes (111) . The complex distribution of the parasite enzymes across three subcellular compartments, including two organelles surrounded by multiple membranes, suggests the existence of specific transporters or binding proteins that may facilitate and coordinate the trafficking of intermediates between enzymes in discrete compartments. The mitochondrion and apicoplast appear to be in close contact during a portion of the parasite life cycle (55) , and this proximity may facilitate metabolic flux between these two organelles. A few candidate transporters and carrier proteins of heme intermediates have been identified in other organisms (50, 70, 108) , but proteins that may carry out analogous roles in Plasmodium parasites have not been identified (73) .
All of the parasite enzymes appear to be expressed during the asexual blood stages, based on transcriptional (microarray and RNA-seq) and translational (mass spectrometry and Western blot) studies of individual components. The RNA-Seq data further indicate that the expression of all pathway genes is synchronous and peaks 30-35 hours after invasion (6), as expected for a complete biosynthetic pathway. However, the minimal blood-stage activity of the TCA cycle (28, 75) and limited production of the early heme precursor, succinyl CoA (Figure 4) , lead to some uncertainty about pathway activity. Nevertheless, the parasite pathway appears to be complete and functional. Isotopic labeling studies using 14 C-glycine or 14 C-ALA have reported incorporation of these labels into heme (85, 124) . A recent study has also provided evidence that this 14 C-labeled heme is loaded into mitochondrial cytochromes (85) , which has been assumed but not previously demonstrated. Additional evidence for heme biosynthetic activity in P. falciparum is provided by observations that parasites become photosensitive when grown in exogenous ALA (66, 117) , as expected for stimulated biosynthetic flux and accumulation of phototoxic protoporphyrin IX under these culture conditions (21) . Based on these studies, it is clear that parasites are capable of de novo heme synthesis, but how much heme biosynthesis occurs under normal growth conditions remains unresolved.
Earlier work suggested that the parasite, in addition to expressing its own heme biosynthesis enzymes, might import some or all of the host enzymes that remain in the red cell after maturation www.annualreviews.org • Plasmodium Heme Metabolismof the heme-synthesizing reticulocyte precursor and that these imported enzymes might constitute a parallel route of heme production within parasites (15, 92) . However, the mature red blood cells parasitized by P. falciparum lack mitochondria and thus are missing the ALA synthase and the three terminal pathway enzymes required to produce heme (85, 98, 103) . Whether the four cytosolic host enzymes (corresponding to the four apicoplast-localized parasite enzymes, Figure 4 ) that remain in the mature red blood cells contribute to basal or ALA-stimulated heme biosynthesis in parasites remains unclear. Recently published chemical and genetic disruptions of Plasmodium enzymes (discussed below) have begun to address this question (85) , and additional gene knockouts in progress in several labs can be expected to further clarify contributions by host versus parasite enzymes to observed heme biosynthetic activity.
Is De Novo Heme Synthesis Critical for Parasite Growth?
Identification of a complete parasite heme biosynthetic pathway despite the presence of abundant host heme during intraerythrocytic infection suggested early on that parasites might depend entirely on de novo synthesis to meet critical metabolic needs rather than utilize host heme liberated within the digestive vacuole. This view seemed to be supported by initial reports that succinylacetone, which is known to be a specific inhibitor of ALA dehydratase in other organisms (34), could inhibit de novo synthesis and kill asexual parasites, albeit at concentrations of several hundred micromolar to a few millimolar (101, 124) . Recent observations, however, suggest that de novo heme synthesis is dispensable in blood-stage parasites. In the following three paragraphs, we review these recent studies and their implications.
First, activity of the penultimate pathway enzyme, protoporphyrinogen IX oxidase, was shown in vitro to require an electron acceptor molecule that is likely coupled in vivo to the mitochondrial electron transport chain, given that treatment with the cytochrome b inhibitor, atovaquone, attenuated de novo heme synthesis in parasites (82) . Based on the model discussed above that cytochrome function is only required by blood-stage parasites to support DHOD activity (94) , this apparent inhibition of heme synthesis by atovaquone suggested that either heme biosynthesis was dispensable entirely or heme was only required to support cytochrome function (82) .
The following year, it was reported that exogenously supplied isopentenyl pyrophosphate (IPP), could prevent parasite death from antibiotics such as doxycycline that inhibit replication of the apicoplast and cause apicoplast loss (134) . In the presence of IPP (which allows parasites to make isoprenoids), parasites could then be cultured indefinitely in the absence of an intact apicoplast organelle or the small apicoplast genome. Given that four of the heme biosynthetic steps occur within the apicoplast, organelle disruption might also be expected to perturb their function and therefore to ablate de novo heme synthesis entirely. The ability to rescue the growth of these apicoplast-disrupted parasites with just IPP would then suggest that de novo heme synthesis by intraerythrocytic parasites is dispensable. A caveat, however, is that doxycycline treatment does not ablate expression of nuclear-encoded genes (30) , which include the relevant heme biosynthetic enzymes as well as the vast majority of the apicoplast proteome (40, 136) . In apicoplast-disrupted parasites, nuclear-encoded proteins appear to accumulate within intracellular vesicles that may reflect orphaned trafficking intermediates (45, 134) . The composition of these putative vesicles and the functional status of proteins within them, including the apicoplast-targeted heme biosynthesis enzymes, remain uncertain. Indeed, apicoplast-disrupted parasites retain their capacity for de novo heme synthesis (P. Sigala and D. Goldberg, unpublished results), and future direct tests will be required to unravel and to fully understand which functions of apicoplast-targeted proteins have or have not been disrupted in doxycycline-treated, IPP-rescued parasites.
The most recent study has provided direct genetic and chemical evidence that Plasmodium parasites do not require a functional heme biosynthetic pathway for intraerythrocytic growth (85) . In this work, the ALA synthase (ALAS) and ferrochelatase (FC) genes in P. berghei were disrupted via double-crossover homologous recombination, and asexual blood-stage growth was shown to be unaffected by these deletions, suggesting that parasite growth does not depend on pathway function. De novo heme synthesis was assessed with autoradiography to monitor 14 C-ALA incorporation into heme, but the authors were unable to show that these mutations ablated parasite heme biosynthesis because P. berghei preferentially invades metabolically active reticulocytes, which also synthesize heme. The authors therefore revisited succinylacetone inhibition of ALA dehydratase activity in P. berghei and in P. falciparum as an alternative strategy. Whereas prior reports had indicated that high micromolar concentrations of the inhibitor ablated heme biosynthesis and killed parasites (124) , the new study indicates that parasites from both species remain viable and display no significant growth defect in 50 μM succinylacetone despite the absence of detectable heme synthesis. This chemical inhibition provides the most direct and compelling data that de novo heme synthesis is indeed dispensable for blood-stage parasite growth, clarifying that inhibition of pathway activity is unlikely to be a successful therapeutic strategy for intraerythrocytic malaria and that parasite death at higher drug concentrations presumably reflects off-target toxicity.
In the absence of heme biosynthesis, how do parasites obtain the heme required for cytochrome function and growth? Although the vast majority of hemoglobin-derived heme is sequestered as hemozoin in the food vacuole, parasites may metabolically scavenge a trace amount of the unassociated vacuolar heme that escapes mineralization and transits into the parasite cytoplasm via unknown mechanisms (Figure 2) . The prior study presented data that suggest that scavenging of hemoglobin-derived heme may occur in parasites (85) , but much more follow-up will be necessary to identify and dissect the trafficking pathways that enable intraerythrocytic parasites to obtain heme without making it.
If blood-stage parasites do not require de novo heme synthesis, why have parasites retained this biosynthetic pathway? The answer appears to be that heme biosynthesis becomes essential for parasite growth in the mosquito and liver stages, when parasites develop within host environments in which heme is less abundant and accessible. Indeed, P. berghei parasites with a disrupted ALAS or FC gene were unable to develop into sporozoites within mosquitos (85) . Addition of exogenous ALA to the mosquito feeding solution enabled the ALAS knockout parasites to mature to sporozoites, but subsequent infection of naive mice failed to result in an asexual blood-stage infection.
The enhanced role for heme biosynthesis in exoerythrocytic parasites fits with observations that glucose flux through the TCA cycle, which supplies the succinyl-CoA used by ALAS to initiate heme synthesis, is upregulated in sexual gametocytes and is of greater importance during mosquito stages (54, 75) . Pathway activity in asexual blood-stage parasites may be restricted under normal growth conditions by the low availability of succinyl-CoA, a limited need for heme, and the ability to scavenge host heme. Nevertheless, a complete heme biosynthetic pathway is maintained in these parasites. This metabolic scenario may prime them for rapid development into sexual gametocytes and for the environmental transition into the mosquito vector.
CONCLUSIONS AND OUTLOOK
Heme metabolism plays a central role in the life cycle of Plasmodium parasites across all developmental stages, especially during intraerythrocytic infection where heme serves both as a toxic by-product of hemoglobin catabolism and as an essential metabolic cofactor. Recent studies have www.annualreviews.org • Plasmodium Heme Metabolismdemonstrated that heme metabolism in blood-stage parasites is highly manipulable. De novo heme synthesis can be ablated without developmental consequences, the heme utilized by parasites can be provided by discrete sources, and the distribution of labile heme within parasites can be altered by drug treatment. This metabolic and functional plasticity is exceptional and may provide unique opportunities in Plasmodium parasites for dissecting and understanding general principles in heme trafficking and utilization, ubiquitous cellular processes that remain poorly understood in most organisms. Although inhibition of heme biosynthesis appears ill suited as a therapeutic strategy to combat blood-stage malaria, the enhanced reliance on pathway function in exoerythrocytic stages may open doors to target other stages for antimalarial prophylaxis. Deeper understanding of the routes and mechanisms of heme trafficking in parasites may also reveal novel therapeutic targets and strategies. Finally, the regulatory mechanisms that govern heme metabolism and indeed much of the developmental progression of parasites remain poorly understood and are a frontier for future discovery.
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